In a previous study from this laboratory, presumptive ribosomal ribonucleic acid (RNA) species were identified in the total cellular RNA directly extracted from intact cells of the trypanosomatid protozoan Crithidia fasciculata (M. W. Gray, Can. J. Biochem. 57:914-926, 1979). The results suggested that the C. fasciculata ribosome might be unusual in containing three novel, low-molecularweight ribosomal RNA components, designated e, f, and g (apparent chain lengths 240, 195, and 135 nucleotides, respectively), in addition to analogs of eucaryotic 5S (species h) and 5.8S (species i) ribosomal RNAs. In the present study, all of the presumptive ribosomal RNAs were indeed found to be associated with purified C. fasciculata ribosomes, and their localization was investigated in subunits produced under different conditions of ribosome dissociation. When ribosomes were dissociated in a high-potium (880 mM K+, 12.5 mM Mg2") medium, species e to i were all found in the large ribosomal subunit, which also contained an additionaL transfer RNA-sized component (speciesj). However, when subunits were prepared in a low-magnesium (60 mM K+, 0.1 mM Mg2+) medium, two of the novel species (e and g) did not remain with the large subunit, but were released, apparently as free RNAs. Control experiments have eliminated the possibility that the small RNAs are generated by quantitative and highly specific (albeit artifactual) ribonuclease cleavage of large ribosomal RNAs during isolation. In terms of RNA composition and dissociation properties, therefore, the ribosome of C. fasciculata is the most "atypical" eucaryotic ribosome yet described. These observations raise interesting questions about the function and evolutionary origin of C. fasciculata ribosomes and about the organization and expression of ribosomal RNA genes in this organism.
In a previous study from this laboratory, presumptive ribosomal ribonucleic acid (RNA) species were identified in the total cellular RNA directly extracted from intact cells of the trypanosomatid protozoan Crithidia fasciculata (M. W. Gray, Can. J. Biochem. 57: [914] [915] [916] [917] [918] [919] [920] [921] [922] [923] [924] [925] [926] 1979 ). The results suggested that the C. fasciculata ribosome might be unusual in containing three novel, low-molecularweight ribosomal RNA components, designated e, f, and g (apparent chain lengths 240, 195, and 135 nucleotides, respectively), in addition to analogs of eucaryotic 5S (species h) and 5.8S (species i) ribosomal RNAs. In the present study, all of the presumptive ribosomal RNAs were indeed found to be associated with purified C. fasciculata ribosomes, and their localization was investigated in subunits produced under different conditions of ribosome dissociation. When ribosomes were dissociated in a high-potium (880 mM K+, 12.5 mM Mg2") medium, species e to i were all found in the large ribosomal subunit, which also contained an additionaL transfer RNA-sized component (speciesj). However, when subunits were prepared in a low-magnesium (60 mM K+, 0.1 mM Mg2+) medium, two of the novel species (e and g) did not remain with the large subunit, but were released, apparently as free RNAs. Control experiments have eliminated the possibility that the small RNAs are generated by quantitative and highly specific (albeit artifactual) ribonuclease cleavage of large ribosomal RNAs during isolation. In terms of RNA composition and dissociation properties, therefore, the ribosome of C. fasciculata is the most "atypical" eucaryotic ribosome yet described. These observations raise interesting questions about the function and evolutionary origin of C. fasciculata ribosomes and about the organization and expression of ribosomal RNA genes in this organism.
Most eucaryotic ribosomes conform to a pattern in which the large subunit contains three ribonucleic acid (RNA) components (25 to 28S, or "L-ribosomal RNA [rRNA]"; 5.8S, or "L3-rRNA"; and 5S), whereas the small subunit contains one (17 to 18S, or "S-rRNA") (3) . I have recently shown (14) that the rRNA of Crithidia fasciculata, a trypanosomatid protozoan, differs from that of a typical eucaryote in several respects. (i) The L-rRNA (species a) is heat labile, dissociating into two high-molecular-weight components, species c and d (apparent molecular weights, 0.67 x 10' and 0.575 x 106, respectively). (ii) Heat denaturation of C. fasciculata rRNA also releases a small RNA (species i) analogous in this respect to eucaryotic 5.8S
rRNA, but which migrates appreciably more slowly than wheat 5.8S rRNA in nondenaturing polyacrylamide gels. (iii) The S-rRNA of C. fasciculata also displays an anomalously slow migration during polyacrylamide gel electrophoresis, so that its apparent molecular weight (0.825 x 106) is substantially greater than that of the S-rRNA ofmost other eucaryotes (typically, this is -0.7 x 106). (iv) In addition to 5S rRNA (species h), three other small RNAs are found in nondenatured C. fasciculata total RNA. These novel RNAs, designated e, f, and g (apparent chain lengths, 240, 195 , and 135 nucleotides, respectively), have been observed consistently in cold (0 to 5°C) phenol extracts of different preparations of intact C. fasciculata cells, and neither their presence nor their proportions is affected by variations in the isolation procedure, arguing against their generation by spurious ribonuclease cleavage of high-molecularweight RNA. The inference that e, f, and g are structural components of C. fasciculata ribosomes is based on their recovery in amounts rRNA's and 5S rRNA; however, their association with C. fasciculata ribosomes has not yet been demonstrated directly.
Several of these observations, notably the heat lability of L-rRNA and the unusual electrophoretic mobility of S-rRNA, have been made by others for C. fasciculata (11, 25) and the related species, Crithidia oncopelti (34) , and indeed are known to be features of the same rRNA's of some other protists (17) . However, the occurrence of novel, small RNAs in the C. fasciculata ribosome has not previously been noted. Since analogs of e, f, and g have not, in fact, been identified in any other eucaryote, their presence as genuine ribosomal components could imply that the C. fasciculata ribosome has some unusual structural properties. This in turn would raise interesting questions about the biosynthesis, functional activity, and evolutionary origin of C. fasciculata ribosomes. The study reported here was undertaken to establish definitively the subcellular location of all of the presumptive rRNA species (a to i) previously extracted directly from C. fasciculata (14) and to examine the RNA complement of C. fasciculata ribosomal subunits dissociated under different ionic conditions.
MATERIALS AND METHODS
Preparation and analysis of C. fasciculata ribosomes. C. fasciculata was grown on a defined medium in liquid culture as described previously (26 7 .81) as described by Curgy et al. (7) . RNA was extracted from pooled gradient fractions by the phenoldetergent method of Parish and Kirby (27) ; in the case of intact ribosomes, these were first diluted into solution A, C, or F before RNA extraction by the same method. Analysis of isolated RNA by polyacrylamide gel electrophoresis was as previously described (14) .
Isolation and analysis of C. labeled wheat RNA constituted (by mass) -8% of the total RNA and -1.5% of the rRNA (i.e., from purified ribosomes) recovered.
RNA was analyzed by electrophoresis in vertical slab gels (20 by 20 by 0.15 cm) of polyacrylamide (10% cross-linked), either 2.5% or 10% (the latter overlaid with a 3-cm spacer of 2.5%), run at 500 V for 1.25 or 2 h, respectively. Loading of RNA samples and autoradiography were carried out as described elsewhere (22a); RNA bands in the gel were visualized by ultraviolet shadowing (16) .
RESULTS
Dissociation properties of C. fasciculata ribosomes. C. fasciculata ribosomes sedimented as a sharp peak in preparative sucrose density gradients containing 5 mM Mg2" (Fig.   1 ). Dissociation into subunits was observed when the Mg2' concentration was lowered to either 1 or 0.1 mM (Fig. 1) (32) .
Since the best separation of ribosomal subunits occurred in 0.1 mM Mg2e gradients, these were used for preparative isolation of subunits (Fig. 3 ). The resulting large (peak C-1) and small (peak C-2) subunit pools were free of detectable cross-contamination, as shown by gel electro- Ribosomes (ca. 40 A260 units in 0.45 ml of solution A) were layered over 24-ml discontinuous sucrose gradients (see Fig. 1 As shown by the polyacrylamide gel profiles in Fig. 4 and 5, all of the presumptive rRNA components (a to i) previously identified (14) in the total cellular RNA of C. fasciculata were, in fact, found to be associated with purified C. fasciculata ribosomes. Identical profiles were obtained by using ribosome suspensions stored for several days at 5°C or ribosome pellets stored at -20°C for up to 6 months, indicating no significant degradation of the RNA components of intact ribosomes under these conditions. To determine the localization of the various C. fasciculata rRNA species, RNA prepared from ribosomal subunits (gradient fractions pooled as indicated in Fig. 3 ) was resolved on 2.4 and 10% polyacrylamide gels. When extracted and analyzed under nondenaturing conditions, large subunit (peak C-1) RNA contained one major high-molecular-weight species (a), which was completely converted to equimolar amounts of two lower-molecular-weight species (c and d) by heat treatment before electrophoresis (Fig.  4 ). Peak C-1 low-molecular-weight RNAs (Fig.  5 ) consisted of previously identified species fand h (the latter presumptive 5S rRNA). Heat treatment released an additional species, i (presumptive 5.8S rRNA); thus, species a must be a ternary complex of c, d, and i. One other lowmolecular-weight RNA, designated "'j in Fig. 5 , was also extracted from peak C-1. Species j had an electrophoretic mobility identical to that of transfer RNA, but it has not yet been determined whether j is in fact transfer RNA or an additional structural RNA of the large subunit. Association of aminoacyl transfer RNA with isolated ribosomes is not unexpected, although such ribosome-bound material appears to be largely released when dissociation into subunits occurs (peak C-4, Fig. 3, 4 , and 5).
The small subunit peak (C-2) also contained a single high-molecular-weight RNA species, b, which was heat stable (Fig. 4) . None of the lowmolecular-weight RNA species appeared to be specifically localized in peak C-2, which did, however, contain small (decidedly submolar) quantities of RNAs migrating as species e, f, and (especially) h (Fig. 5) . This pattern was observed in successive, independent ribosomal subunit preparations, although its significance is unclear at present. It cannot be attributed to contamination of the small subunit pool by large subunits (inset, Fig. 3 Fig. 4 ). The direction of migration is indicated by the arrow, and the dashed vertical lines show the positions of species e (left) and g (right). To reduce background, gels were soaked before ultraviolet scanning. In the case of RNA from intact ribosomes and peaks C-1 and C-2, the amount of RNA analyzed was adjusted so that an equimolar proportion of each high-molecular-weight species was loaded on aU the gels. found in peak C-3, which contained only these low-molecular-weight RNAs (Fig. 4 and 5) . Moreover, it appears that these two components were released as the free RNAs rather than as ribonucleoprotein particles. This conclusion is based on the following observations.
(i) It has been shown (20) that at a Mg2+ concentration of 10 mM, ribonucleoprotein particles are readily precipitated with 0.2 volume of ethanol, and this was confirmed in the case of the ribosomal subunits present in peaks C-1 and C-2. In contrast, at the same Mg2+ concentration, ultraviolet-absorbing material in peak C-3 did not become sedimentable at 10,000 x g until 2 volumes of ethanol were added, behavior indicative of free RNA rather than ribonucleoprotein.
(ii) Detergent (sodium lauryl sulfate) treatment of ribosomal subunits in peaks C-1 and C-2 resulted in dissociation of the ribonucleoprotein particles, as evidenced by an increase in the relative gel electrophoretic mobility of the ultraviolet-absorbing peaks and the appearance of rapidly migrating bands of ribosomal proteins, identified by staining with Coomassie brilliant blue R. The same detergent treatment had no effect on the electrophoretic mobility of the ultraviolet-absorbing material recovered by ethanol precipitation from peak C-3 and did not lead to the appearance of a Coomassie-positive band in the gel.
(iii) The measured protein content (micrograms of protein per microgram of RNA) of ethanol-precipitated peak C-3 was only 10 to 15% that of ethanol-precipitated peaks C-1 and C-2.
To determine whether species e and g were released as the individual RNA species or were sedimenting as a complex, RNA was isolated from different portions of peak C-3. Analysis on 10% polyacrylamide gels showed that the mass ratio e/g was not constant across peak C-3, but increased from the trailing (slowly sedimenting) to the leading portion of the peak, as expected for independently sedimenting species.
Although the available evidence suggests that species e and g are released as free RNAs and not as ribonucleoprotein particles when C. fasciculata ribosomes are dissociated at 0.1 mM Mg2+, these RNAs could be associated in the ribosome with specific proteins that are also released in the free state, along with e and g, upon ribosome dissociation, but which sediment more slowly in the gradient. Further analysis of the structure of species e and g, as they are found in peak C-3, has been hampered by their instability on storage either in the gradient fractions or after ethanol precipitation. This appears to be due to the presence of ribonuclease activity in the gradient fractions containing peak C-3, since the RNA components are stable after deproteinization of peak C-3 by phenol extraction.
RNA complement of C. fasciculata ribosomal subunits generated by high potassium dissociation. Although species e and g could not be localized in a particular subunit when ribosome dissociation was carried out at 0.1 mM Mg2", they did not appear to be liberated as the free RNAs when ribosomes were dissociated at 1 mM Mg2", as evidenced by lack of a peak corresponding to C-3 in 1 mM Mg2+ gradients ( Fig. 1 and data not shown) . However, in such gradients subunits could not be adequately separated, on a preparative scale, for RNA analysis. Since satisfactory resolution of subunits was obtained when ribosomes were dissociated in high-potassium gradients (Fig. 2) , which also lacked a slow-sedimenting peak corresponding to C-3, an examination was made of the RNA content of each of the resulting subunits (peaks F-1 and F-2).
Peak F-1 contained heat-labile species a, which yielded species c and d upon heat treatment, whereas peak F-2 contained heat-stable species b (Fig. 6) . Thus, subunits prepared by high K+ dissociation contained the same highmolecular-weight RNA species as the corresponding subunits prepared by low Mg2+ (0.1 mM) dissociation, although a slight degree of cross-contamination of subunits was evident with the former method. Figure 7 shows the low-molecular-weight RNA species isolated from peaks F-I and F-2 and resolved on 10% polyacrylamide gels. Peak F-1 yielded species having the mobilities of f, h, and j, as in the case of peak C-1 (Fig. 5) , but e and g were also present. Species i appeared as well when peak F-1 RNA was heat denatured before gel electrophoresis. Peak F-2 RNA, heated and unheated, contained only minor quantities of the same low-molecular-weight species found in the case of peak F-1 RNA. All of these could be ascribed to low-level crosscontamination of the small subunit pool with large subunits. Thus, all of the low-molecularweight rRNA species isolated from C. fasciculata appear to be localized in the large subunit (Table 1) .
It is noteworthy that submolar amounts of yet another low-molecular-weight RNA, designated "x," were present in unheated peak F-1 RNA (-A, Fig. 7 ). However, species x, which migrated between e and f, was absent when peak F-1 RNA was heat denatured before gel electrophoresis (+A, Fig. 7 ). Fig. 4 ) in 2.4% nondenaturing polyacrylamide gels at 4°C; the arrow shows the direction of migration. Gels were soaked to reduce background before ultraviolet scanning.
RNAs is observed whether C. fasciculata RNA is extracted from isolated ribosomes or directly from whole cells; i.e., there has been no evidence of either specific or nonspecific degradation of RNA occurring during the time (-6 h) required to prepare C. fasciculata ribosomes. This makes it extremely unlikely that the small rRNA's are being generated by quantitative and highly specific (albeit artifactual) ribonuclease cleavage of large rRNA's during direct phenol extraction of unlysed cells at 4°C. However, to eliminate this possibility completely, two control experiments were performed. In the first experiment, I isolated undegraded, 3P-labeled wheat embryo cytosol rRNA (268 plus 18S) and mixed it with a C. fasciculata cell suspension just before direct phenol extraction in the usual manner (14) . In the second experiment, I added purified 3P-labeled wheat embryo ribosomes to a lysate of C. cells (disrupted by passage through a French pressure cell) from which ribosomes were then isolated for preparation of rRNA by phenol-detergent extraction. In both experiments, a separate portion of resuspended cells or cell lysate, to which no radioactive marker was added, was processed in parallel. Samples of unlabeled C. fasciculata RNA, C. fasciculata RNA containing wheat [32P]RNA, and wheat [32P]RNA alone were then electrophoresed in 2.5% or 2.5 plus 10% polyacrylamide slab gels in the presence of 7 M urea to examine the integrity of the added wheat RNA.
The presence of wheat 26S plus 18S [32P]-rRNA or 32P-labeled ribosomes did not alter the normal spectrum of high-molecular-weight (b, c, and d) and low-molecular-weight (e to i, tRNA) RNA species isolated from whole C. fasciculata cells (tracks 5 and 6, Fig. 8A and C) or purified C. fasciculata ribosomes (tracks 2 and 3, Fig. 8A and C), respectively. Conversely, there was no evidence of any degradation of wheat [32P]RNA, whether added in the form of purified high-molecular-weight 26S plus 18S rRNA to whole cell suspensions (tracks 6 and 7, Fig. 8B and D) or in the form of isolated ribosomes to lysates of C. fasciculata (tracks 3 and 4, Fig. 8B and D) . In both cases, only the expected high-molecularweight (26S and 18S) and low-molecular-weight (5.8S, 5S, and 4S) [32P]RNA components were observed. Thus, I conclude that the RNA pattern observed with isolated C. fasciculata ribosomes accurately reflects the RNA complement of these ribosomes in vivo, and that this pattern is not a result of artifactual degradation of C. fasciculata rRNA during isolation.
None of the discrete ribosome-associated small RNAs was present in detectable amounts in a postribosomal supernatant fraction of C. fasciculata cell lysates; this fraction contained only transfer RNA (track 1, Fig. 8C ). This conclusion was verified by electrophoresis of postribosomal supernatant RNA in cylindrical 2.4% polyacrylamide gels followed by ultraviolet densitometry (data not shown).
DISCUSSION
For purposes of defining structure-function relationships and tracing the evolutionary history of eucaryotic rRNA, investigation of a wide range of eucaryotic ribosomes is essential. To date, however, relatively few eucaryotic ribosomal systems have been studied in detaiL and these do not represent a phylogenetically diverse sampling. Since data from protein sequence analysis (8, 13) suggest an ancient evolutionary separation, substantially antedating the divergence of plants and animals (31) , between the protozoa and higher eucaryotes, one might anticipate that some particularly distinctive features of ribosome structure or function (or both) will emerge from studies of these (and perhaps other) members of the Kingdom Protista. This expectation is borne out by the results presented in this and a previous (14) publication, which demonstrate that in its structural properties, the ribosome of C. fasciculata is the most "atypical" eucaryotic ribosome yet described.
The observation of three (and possibly four) novel, low-molecular-weight RNA species which have not been found in any other ribosome (eucaryotic or procaryotic) studied to date raises a number of questions about the functional activity of C. fasciculata ribosomes. For example, is the observed loss of RNA species e and g from C. fasciculata ribosomes in response to lowered Mg2e concentration in vitro likely to be of any physiological significance? In most features, including antibiotic sensitivity, cell-free proteinsynthesizing systems derived from Crithidia spp. resemble those of other eucaryotes, except for an unusually high Mg2e requirement (5 to 10 mM) (2, 5, 19) , a property more characteristic of bacterial cell-free translation systems. In addition, both Chesters (2) and Cross (5) found that amino acid incorporation in a cell-free system from C. oncopelti ceased after relatively short periods of time, and the latter investigator suggested that the failure of ribosomes to be released from messenger RNA was the limiting factor in the reaction. Either or both of these observations may be related to the unique structure of Crithidia spp. ribosomes: thus, relatively high Mg2e concentrations could be required to prevent dissociation of species e and g from large ribosomal subunits during polypeptide synthesis in vitro, but at the same time this might inhibit messenger RNA release and subunit dissociation at the termination stage. Whether species e and g actually play an active role in Crithidia spp.
ribosomal subunit association and dissociation in vivo (e.g., by cycling between the free and ribosome-bound states during protein biosynthesis) is a matter of speculation at the moment. Some insight into the requirement for species e or g or both in ribosome function might be provided by in vitro reconstitution experiments, especially by attempts to prepare biologically active Crithidia spp. ribosomes from 0.1 mM Mg2e subunits in the presence or absence of species e and g. Important structural differences between the ribosomes of protozoa and those of other eucaryotes are implied by the inability of large subunits from the former to reconstitute active, hybrid 80S particles with small ribosomal subunits of the latter (23, 24 The arrangement of rRNA cistrons in the genome of C. fasciculata and the biosynthetic origin of the novel, small rRNA's described here are also of interest. Three different pathways (or a combination of these) could give rise to the small rRNA's: (i) independent transcription, as in the case of eucaryotic 5S rRNA, whose genes are usually separate in the genome from those coding for the other rRNA's and are separately transcribed (10); (ii) linked transcription with posttranscriptional processing, as in the case of eucaryotic 5.8S rRNA, where the initial transcript of physically linked S-rRNA, 5.8S rRNA, and L-rRNA genes is a large common precursor which is processed in a series of endonucleolytic cleavages to yield the individual, mature rRNA's (15, 30) (small RNAs may also be generated in this pathway by removal of a transcribed intervening sequence during processing of the primary rRNA transcript, without a subsequent splicing event; 28); or (iii) post-maturational processing, in which there is specific cleavage of mature rRNA species in subribosomal particles or functional ribosomes (9, 18) . Lack of demonstrable ribonuclease activity in extracts of C. fasciculata, as shown by the control experiments reported here, makes the third pathway unlikely, unless there is rapid turnover of the responsible ribonuclease(s) once any post-maturational processing is complete. On the other hand, we have identified individual restriction endonuclease fragments of C. fasciculata deoxyribonucleic acid to which all of the low-molecular-weight RNA species (e to i) hybridize (M. N. Schnare and M. W. Gray, unpublished data), and which are likely candidates for rRNA transcriptional units in C. fasciculata. However, since physical linkage does not necessarily imply transcriptional linkage (21) , correlation between rRNA gene mapping studies and pulse-labeling and pulse-chase experiments will be important.
Finally, the results reported here also raise questions about the evolutionary origin of the rRNA components of the C. fasciculata ribosome. Hybridization studies (1, 4, 12, 33) have identified structural elements which appear to be highly conserved in both L-rRNA and SrRNA of eucaryotes ("conserved core") as well as tracts of nonconserved sequences. The latter are suggested to account for most of the observed variation in the mass of eucaryotic LrRNA, which ranges from -1.3 x 106 in fungi and plants to -1.7 x 106 in mammals (3). The evolutionary origin of these "extra" sequences in eucaryotic L-rRNA is of considerable interest, and in this connection it is pertinent to ask whether the novel, small rRNA's of C. fasciculata have sequence counterparts within the covalently continuous L-rRNA of other eucaryotes. This question is currently being approached in our laboratory by means of deoxyribonucleic acid-RNA hybridization experiments and sequence analyses.
